Inorganic oxides are widely used as raw materials and formed as byproducts in iron and steelmaking processes. Some inorganic oxides such as CaO and MgO absorb water to form inorganic hydrates. When hydrates form, they expand. On the other hand, hydrates often dehydrate on heating to form oxides. To analyze hydrates in oxides is therefore important in order to examine hydration and dehydration processes.
Introduction
In iron and steelmaking processes, various kinds of inorganic oxides are closely involved, such as the iron ores 1) used for making steel, the refractory 2,3) used for the various types of furnaces, and the steelmaking slag 4) generated in the form of byproducts. Certain inorganic oxides such as CaO and MgO absorb water to form hydroxides, some of which expand on such occasions. Moreover, some hydroxides dehydrate when heated. Therefore, it is vital to analyze the hydroxides contained in the oxide materials. Particularly in the event of CaO hydration, steelmaking slag exhibits the hydration swelling 5) due to the free lime, thus restricting the applicatory use of the steelmaking slag. Under such circumstances, some stabilizing treatment methods such as aging, 6) carbonation, 7) etc. are under review.
JIS specifies chemical analyses for various types of materials as methods used for analyzing the oxide materials. In addition, a rapid form of analysis 8) using X-ray fluorescence analyzing equipment has been developed. However, these methods are intended to determine the quantities of various types of elements via chemical or instrumental analyses, rather than identifying the specific types of chemical compounds such as oxides, hydroxides, etc.
For the type analysis of inorganic oxides or hydroxides, X-ray diffraction (XRD), thermogravimetry (TG), differen-tial thermal analysis (DTA) and differential scanning calorimetry (DSC), etc. have been used. XRD is an effective method for analyzing the crystal structures, 9) but if the crystallinity of the test sample is insufficient, the diffraction pattern widens, hence causing the sensitivity to deteriorate. Moreover, since the X-ray absorbance varies depending on the materials, micro-chemical analysis may not be the right answer for the complex mixed samples. Although thermal analyses 10) such as TG, DTA, DSC can be used to determine changes in weight or heat quantity during heating, it may still prove difficult to analyze the complex mixed samples via thermal analysis alone. As for CaO, Japan Cement Association has specified the test method for determination of free calcium oxide in Portland cement and Portland cement clinker 11) as the standard test method, which has been applied not only to the cement, but also to the evaluation of other oxide materials.
While infrared spectrophotometry (IR) is generally used for qualitative and, quantitative analysis or structural analysis of organic chemical compounds, it is also applicable to certain inorganic compounds, such as hydroxides and carbonates, which are characterized by negative ions. 12) In recent years, the DSC/IR method 13) has come to be used, which involves a combination of DSC, thermal analysis, and the high temperature IR method, 14) whereby changes in the IR spectrum are measured continuously while heating, thus allowing temperature changes of the functional groups to be observed in real time.
This paper focused on inorganic hydroxide and conducted analyses of the dehydration processes of Mg(OH) 2 , Ca(OH) 2 15) and Al(OH) 3 16) using the high temperature IR method as well as the combination of this and the TG method in order to examine the applicability of these methods in analyzing and evaluating the deformation factors of monolithic refractory. Table 1 shows the results of elementary analyses (converted into oxide) on the monolithic refractory test samples A and B used for the experiments, using X-ray fluorescence analysis. The monolithic refractory is formed as follows: Water is added to alumina, alumina cement, magnesia, etc., after which the mixture is kneaded, cast, cured and dried. Figure 1 shows the appearance of the molded monolithic refractory. Although samples A and B both contain similar amounts of Mg(MgO), as is visible, sample B is significantly curved. Japan High Tech Co., Ltd. Sample heating temperature: 50-600°C; Programming rate: 10°C/min The IR spectra of the hydroxide reagent powder and monolithic refractory powder were determined as follows: the sample powders were mixed with potassium bromide (KBr) to form tablets, which were set in the sample chamber of FT-IR and the IR spectra were determined using the TGS detector.
Experiments

Measurement Reagents
Monolithic Refractory Samples
Analyzing Apparatuses and Measurement Conditions
The high temperature IR spectra were measured using previously reported apparatus. 14) The samples for measurement were prepared as follows: A crystal grain of the commercial KBr (of size 5-8 mm square made by JASCO Corporation) was cut along the cleavage plane to obtain a crystalline plate of approx. 4ϫ4ϫ1 mm. The hydroxide reagent powder or the monolithic refractory powder was placed on this crystalline plate, which was then pressed to form tablets. The diameter of the tablets is 7 mm and thickness no greater than 0.5 mm. When the crystalline plate is press-formed using this method, it hardly absorbs KBr, meaning that only absorption of O-H arising from the sample can be observed. The formed tablets were placed on the heater of the high temperature stage and measurements were conducted using the infrared microscope. Samples were distributed unevenly in the tablets and initially a portion consisting only of KBr was measured and used as a reference. Subsequently, sample portions indicating moderate absorption were measured to obtain the IR transmission spectra of the samples. The field of vision of the infrared microscope was set as wide as 150 mmϫ150 mm, similar to that of the beam condenser, in order to secure sufficient energy and allow IR spectra with a good S/N ratio to be obtained with a minimal number of computations. The computations were made 20 times and in the case of analysis of 4 cm Ϫ1 , it took about 20 s before one IR spectrum was fetched. The measurement duration was 60 s and, taking into account the programming rate of 10°C/min, the IR spectrum was measured every 10°C.
The measurements of the high temperature IR were conducted up to a temperature of 600°C and, in all the samples for which measurements were made, hardly any changes in the IR spectra were observed in temperatures exceeding 500°C.
(2) Thermogravimeter: TG/DTA6300 made by Seiko Instruments Inc. Programming rate: 10°C/min; Atmosphere: Ar gas 200 mL/min. Figure 2 shows the IR spectra of the hydroxide reagent measured using the KBr tablet method (ambient temperature). In the case of Ca(OH) 2 , the sharp absorbance peak of the stretching vibration can be observed at around 3 643 cm Ϫ1 and, in the case of Mg(OH) 2 , such an absorbance peak can be observed at around 3 697 cm Ϫ1 . On the other hand, in the © 2008 ISIJ Table 1 . Chemical compositions of monolithic refractories (X-ray fluorescence spectrometry, converted into the oxide, mass%). case of Al(OH) 3 , multiple absorbance peaks can be observed between 3 600 and 3 000 cm Ϫ1 , and its absorbing strength is slightly weaker than that of Ca(OH) 2 or Mg(OH) 2 . While in the case of Ca(OH) 2 and Mg(OH) 2 , the broad peak can be observed between 1 500 and 1 400 cm Ϫ1 , it seems that the particularly strong basicity of the hydroxide has caused it to absorb CO 2 in the atmosphere and partially form basic carbonate. Since the strong basic hydroxide has a tendency to undergo such changes over time, it is also necessary to grasp such changes over time for reagents as well.
Results and Discussion
Analysis of the Dehydration Process of the Hydroxide Reagent
IR Spectra of the Hydroxide Reagent
In order to make comparisons with hydroxide, the IR spectra of CaO and MgO were measured and it has consequently emerged that CaO absorbs O-H at around 3 643 cm Ϫ1 and that these spectra are identical to that of Ca(OH) 2 . It seems that when CaO and KBr were mixed, ground and formed as tablets, CaO hydrated to generate Ca(OH) 2 . In the spectra of MgO, no O-H absorption was observed and the hydration speed was expected to be slower than CaO. Figure 3 shows the high temperature IR spectra of Ca(OH) 2 . The spectra were measured at intervals of 10°C, but in the temperature zone where the changes in the spectra were smaller, the spectra were measured at intervals of 50°C.
High Temperature IR Spectra of Hydroxide Reagent
The absorption strength at the absorption peak, due to the O-H stretching vibration of Ca(OH) 2 , gradually decreased from around 390°C and no peak was observed at 430°C. Figure 4 shows the high temperature IR spectra of Mg(OH) 2 . Dehydration of Mg(OH) 2 commences at around 300°C, which is lower than that of Ca(OH) 2 and the absorbance peak at 3 697 cm Ϫ1 is not observed at 360°C. However, in the case of Mg(OH) 2 , as the peak strength decreases at 3 697 cm Ϫ1 , a broad absorption peak is visible at around 3 600 cm Ϫ1 . This is because H 2 O generated as a result of dehydration of Mg(OH) 2 seems to have fixed firmly to the reagent. Figure 5 shows the high temperature IR spectra of Al(OH) 3 . In the case of Al(OH) 3 , dehydration commences at around 230°C which is much lower than that of Mg(OH) 2 . In the case of Al(OH) 3 , as it dehydrates, new absorption peaks are observed at around 3 340, 3 150 and 1 060 cm Ϫ1 . This absorption corresponds to g-AlO(OH) and Al(OH) 3 dehydrates to firstly form g-AlO(OH), and further dehydrates to form Al 2 O 3 (at around 600°C, g-Al 2 O 3 ). To analyze this type of structural change, structural analysis such as IR or XRD is useful, and the high temperature IR method, in which changes in the IR spectrum are continuously measured during heating, is very effective. Figure 6 shows the weight loss (TG) curve and the weight loss differential (DTG) curve. The TG curve of the hydroxide reagent and the DTG curve show that despite the relative width of the temperature range over which the weight changes, the tendencies coincide well with the measurement results of the high temperature IR. In other words, in the case of Al(OH) 3 2 dehydration is absorbed and then gradually desorbed, while Ca(OH) 2 dehydrates at the highest temperature among the three type of hydroxides. Moreover, a slight weight loss is observed at around 600°C, seemingly because of the decarbonation of the basic carbonate. As mentioned above, the combination of the high temperature IR method and the thermogravimetry would be very effective in analyzing the dehydration process of inorganic hydroxides. Figure 7 shows the IR spectra of the monolithic refractory samples A and B measured using the KBr tablet method (ambient temperature), while the volume of samples A and B is identical at 1.0 mg. When samples A and B are compared, complex absorption peaks are observed between 3 700 and 3 300 cm Ϫ1 , and sample B has the greater hydroxyl group absorption strength as well as a clear peak that can be confirmed. Sample B also has a peak at about 3 697 cm Ϫ1 , and the wave number at the peak top coincides with that of Mg(OH) 2 , but in the case of the complex hydroxides, only the absorption due to multiple O-H can be observed, meaning that it is difficult to identify Mg(OH) 2 as the cause of deformation simply via the wave number at the top of the peak. Figures 8 and 9 show the high temperature IR spectra of samples A and B, respectively. In the case of sample A, the O-H absorption between 3 700 and 3 300 cm Ϫ1 starts to decrease at around 200°C and almost stops at around 300°C. On the other hand, in the case of sample B, almost all absorption peaks between 3 700 and 3 300 cm Ϫ1 , starts to decrease at around 200°C and almost stops at around 300°C, but the sharp absorption at around 3 697 cm Ϫ1 remains even at 300°C, and starts to decrease at around 320°C. The deterioration of the strength at the absorption peaks coincides well with the changes in the high temperature IR spectra of Mg(OH) 2 , as shown in Fig. 6 . Therefore, it is presumed that the absorption of approx. 3 697 cm Ϫ1 , as observed in the IR spectra of the monolithic refractory sample B, indicates the existence of Mg(OH) 2 .
TG Analysis of the Hydroxide Reagent
Analysis of the Deformation Factors of the Monolithic Refractory
IR Spectra of Monolithic Refractory
High Temperature IR Spectra of Monolithic Refractory
Quantitative Evaluation of Mg(OH) 2 in Monolithic
Refractory Using IR Spectra Based on the analysis of the high temperature IR spectra, it is presumed that the absorption of 3 697 cm Ϫ1 observed in the IR spectra of the monolithic refractory is due to the absorption of O-H by Mg(OH) 2 . Therefore, a quantitative evaluation of Mg(OH) 2 in monolithic refractory using IR spectra was conducted. Various quantities of reagent Mg(OH) 2 were mixed with KBr and formed as tablets. The IR spectra of these tablets were then measured to determine the absorption peak area at 3 697 cm Ϫ1 and the calibration lines were drawn. Consequently, as the absolute volume of Mg(OH) 2 , the peak area can be determined to 0.001 mg and the calibration lines exhibit satisfactory linearity. Next, the absorption peak area at 3 697 cm Ϫ1 was determined based on the IR spectra of sample B, whose volume was 1.0 mg. The concentration of Mg(OH) 2 was also calcu-lated based on the calibration lines and it was consequently presumed that the concentration of Mg(OH) 2 in the sample B was 1.3 mass%. Figure 10 shows the TG/DTG curves of the monolithic refractory. In the TG/DTG curves of the monolithic refractory, besides the weight losses of the attached ice at around 100°C, weight losses can be observed between 200°C and 300°C, and in the case of sample B, between 300°C and 380°C. Based on the analysis of the high temperature IR spectra, it is presumed that the weight losses of between 300°C and 380°C observed in sample B correspond to the dehydration of Mg(OH) 2 . When the concentration of Mg(OH) 2 in sample B is calculated using the weight loss (0.41 mass%), 1.36 mass% can be obtained, which coincides well with the concentration of Mg(OH) 2 obtained from the IR spectra. Moreover, the weight losses that can be observed between 200°C and 300°C in the TG/DTG curves of the monolithic refractory are greater for the sample B, and the peak top temperature in the DTG curves varies slightly. In the IR spectra of the monolithic refractory shown in Fig. 7 , the fact that sample B generally has greater O-H absorption strength indicates a slight difference in the weight loss between 200°C and 300°C in the TG curves. The dehydration in this temperature range may be attributable to Al(OH) 3 based on the results of the examination of reagents, but there is the potential for complex hydroxides to be generated. Further study is required.
TG Analysis of Monolithic Refractory
Conclusion
When CaO and MgO hydrate, their volumes increase by more than double, and hence may cause deformation or cracks in the molded oxide materials. The monolithic refractory, which has been reviewed in this paper, was formed after adding water to the raw materials and then kneading the mixture, so that even if CaO is contained in the raw materials, it is believed to hydrate quickly. On the other hand, in the case of MgO, since it hydrates slowly and the hydration may occur after the molding, its influence on the © 2008 ISIJ molded material is greater than that of CaO. Therefore, it is very important to identify the presence/absence of Mg(OH) 2 as a deformation factor of the monolithic refractory. This paper describes how the dehydration processes of three types of inorganic hydroxides were analyzed, mainly using the high temperature IR method, and how the identification and quantitative evaluations of Mg(OH) 2 in the monolithic refractory were conducted. As a result of these analyses and evaluations, it was confirmed that although the volume of Mg(OH) 2 is the same, 1.3 mass% of Mg(OH) 2 exists in the significantly deformed monolithic refractory and this generation of Mg(OH) 2 is presumed to be the cause of deformation of the monolithic refractory. In addition, the analytical results of the dehydration process using the high temperature IR method coincide well with those of the thermogravimetry; it has proven very effective when analyzing the possible causes of weight changes.
Using this IR method, qualitative and quantitative analyses can be conducted on samples with volumes as small as several milligrams. This method is easy to apply for making measurements and has a high sensitivity for detecting Mg(OH) 2 . As such, it can be utilized fully as a form of monolithic refractory evaluation technology.
